Abstract: Quality assurance ͑QA͒ tests, such as integrity tests, are routinely conducted to ensure the safety of pile foundations. QA tests provide additional information and result in changes in estimated reliability of pile foundations. This paper aims to formalize a procedure to quantitatively evaluate the impact of routine QA tests on the reliability of pile foundations. Three cases of reliability analyses based on interface coring of large-diameter bored piles are studied; namely, no toe debris detected, toe debris detected without repair, and toe debris detected and repaired. The prior information of the occurrence probability and thickness of toe debris is established based on a practice survey and accumulated QA data. The Bayesian approach is then applied to update the occurrence probability and the mean toe debris thickness based on outcomes of on-site QA tests and remedial actions taken after these QA tests. Subsequently, the reliability of the piles can be updated. The updated reliability can be significantly higher than that before the QA tests. The degree of reliability improvement depends on the pile specifics, the outcomes from the QA tests, and the remedial actions taken after the QA tests.
Introduction
To ensure the safety of bored pile foundations and to avoid the use of excessively conservative designs, quality assurance ͑QA͒ tests, such as coring examination, cross-hole sonic logging, and load tests are routinely employed after pile construction. After specified QA tests have been performed on some piles from a site, defects such as toe debris, short piles, voids, honeycombing, cracks, cavities, and necking ͑Baker et al. 1993; Hassan and O'Neill 1998͒ might be found. If the detected defect sizes are larger than the tolerable defect sizes, the defects need to be repaired or the defective piles need to be replaced. Whether actions are taken or not after the QA tests, the information obtained from these tests will reduce the uncertainties involved in the basic variables, such as occurrence probability of defect and defect size. As the distributions of these basic variables affecting the reliability of the pile foundations are updated using the additional information from the QA tests, the resulting reliability of the pile foundations can also be updated.
In the literature, Kay ͑1976͒; Baecher and Rackwitz ͑1982͒; Lacasse and Goulois ͑1989͒; Zhang and Tang ͑2002͒; Zhang ͑2004͒ and others have investigated the impact of pile load tests on the reliability of pile foundations. Shinozuka and Yang ͑1969͒; ASCE ͑1982͒; Zhao et al. ͑1992͒; and Zheng and Ellingwood ͑1998͒ have investigated the fatigue reliability improvement based on proof testing or nondestructive inspections. Bea ͑2003͒ has discussed QA and quality control in deepwater drilling and production. However, how the reliability of pile foundations can be influenced by some routine QA tests, such as integrity tests, has not been investigated sufficiently. This is very important because the ability to estimate quantitatively the reliability improvement enables us to assess the value of a QA test and to compare the cost-effectiveness between QA tests in a more rational way.
The objective of this paper is to propose a procedure to quantitatively evaluate the impact of routine QA tests on the reliability of bored piles. For illustrative purposes, this paper will focus on toe debris inspection using interface coring. Discussions on other defects, such as cracks and cavities, are beyond the scope of the paper. Systematic analysis of the impact of the QA tests will be conducted in the Bayesian reliability framework. The reliability of piles with toe debris is first formulated. The priors are established based on a practice survey and observed QA test information. Then, the occurrence probability of toe debris, the mean thickness of toe debris, and the reliability of the piles are updated based on results from the QA tests and remedial actions taken after the QA tests. The impact of the QA tests is evaluated by comparing the reliability levels before and after the QA tests. Three cases of reliability updating are discussed; namely, no toe debris detected, toe debris detected without repair, and toe debris detected and repaired. A worked example is presented to illustrate the proposed procedure.
Reliability Updating Based on QA Tests
Toe debris is the accumulation of loose or undesirable foreign materials at the position of pile rock socket. It is detrimental to piles that are designed to found on rock, as the quality of the interface between pile concrete and bedrock greatly affects the mobilization of the pile base resistance. There are three main categories of defective toes; namely, soil inclusions, unbounded concrete aggregate, and their combinations ͑HKCA 2003͒. Causes of toe debris include poor workmanship during concreting, soil dislodgement from unlined portion of excavation, substandard bentonite slurry, percolating groundwater, and objects falling from the ground surface. Wong ͑2004͒ summarized the occurrence of toe debris associated with construction of large-diameter bored piles in Hong Kong. In order to ensure a satisfactory pile toe condition, interface coring, which is the formation of access to the pile shaft by drilling through a pile toe interface, is often conducted after pile construction following guidelines such as those specified by Buildings Department ͑2000͒.
Consider the case of single bored piles with toe debris along with other types of imperfections such as cracks, necking, and voids. If thick debris exists, then the pile capacity or settlement will be adversely affected. The likelihood of toe debris presence in a pile depends on construction conditions, construction procedure, results of interface coring, and engineers' judgements. The toe debris, if present, is assumed to be uniformly distributed over the pile cross section for simplicity. The pile performance is still uncertain even when the pile is free from toe debris due to the presence of other types of imperfections as well as many other sources of uncertainty such as spatial variability of soils, various construction effects, and load effects. Based on the total probability theorem ͑e.g., Ang and Tang 1975͒, the probability of unsatisfactory performance of the pile, p f , can be calculated as follows:
where p d = estimate of occurrence probability of toe debris; F = event of pile failure; E and Ē = events of toe debris presence and toe debris absence, respectively; and P͑F ͉ Ē ͒ and P͑F ͉ E͒ = conditional probabilities of unsatisfactory performance of the pile given the absence and presence of toe debris, respectively. For a particular pile, the toe debris may be described by its thickness x. If x is taken to be a discrete variable, the conditional probability of unsatisfactory performance of the pile is
in which P͑x i ͉ E͒ = occurrence probability of a toe debris with thickness x i and P͑F ͉ x i ͒ = probability of unsatisfactory performance of the pile with the given toe debris. Similarly, if toe debris does exist and x is taken to be a continuous variable, its probability distribution can be expressed as f͑x ͉ t͒ in which the parameter, t, is the mean of x and treated as another random variable with a probability distribution f͑t͒. The conditional probability of unsatisfactory performance of the pile can be further given by
where x L and x U = lower and upper bounds of x; t L and t U = lower and upper bounds of t. For a pile that is constructed without any QA testing, the empirical occurrence probability of toe debris can be considered as a prior distribution of p d . The empirical perception of toe debris thickness can also be used to establish the prior distribution of toe debris thickness. A prior p f can then be calculated using Eq. ͑1͒. If field measurements from interface coring are available, the distributions of p d and toe debris thickness can be updated with the additional measurement information using the Bayesian approach ͑e.g., Ang and Tang 1975͒, and P͑F ͉ E͒ of the pile with toe debris can be calculated using Eq. ͑2͒ or Eq. ͑3͒. Once the updated distribution of p d and the updated conditional reliability of the pile with toe debris are available, the updated p f can be calculated using Eq. ͑1͒. The following three scenarios are considered in this study: no toe debris detected, toe debris detected without repair, and toe debris detected and repaired.
Case 1-No Toe Debris Detected
Suppose n piles are selected randomly from a site for interface coring. If the construction quality at the site is excellent and no toe debris is found in the sampled piles, then no actions need to be taken after the QA tests. In this case, the occurrence probability of toe debris will be updated after the QA tests, and the updated occurrence probability will be smaller than the estimated prior value. Since no information on the thickness of toe debris is obtained, the distribution of thickness of toe debris cannot be updated. According to Eq. ͑1͒, the updated probability of unsatisfactory performance of the pile will be smaller than that before the QA tests. The reliability of the piles will be improved though remedial actions are not taken.
Case 2-Toe Debris Detected without Repair
Suppose n piles are selected randomly from a site for inspection using the interface coring and m out of these are found to contain toe debris. Then, a decision on immediate repair or replacement must be made. Let us assume the detected amount of toe debris is tolerable so that no repair actions are necessary. In this case, on-site information on both the occurrence probability and the toe debris thickness can be obtained from the QA tests. Accordingly, the distributions of occurrence probability and toe debris thickness can both be updated after the QA tests. Thus the p f of the pile can be updated. In particular, if the observed occurrence probability is smaller than the prior occurrence probability, and the observed toe debris thickness is less than the prior thickness, then the updated p f after the QA tests will be smaller than that before the QA tests. The reliability of the piles will then be changed even though remedial actions such as repair are not taken after toe debris is detected.
Case 3-Toe Debris Detected and Repaired
Suppose some toe debris is found in a random sampling at a site as in case 2. If the detected toe debris is deemed intolerable, the toe debris needs to be repaired ͑e.g., by pressure grouting͒ or the defective piles need to be replaced. Upon detecting serious toe debris in the sampled piles, further inspection on other piles at this site may be carried out. If it is further assumed that all toe debris present will be detected and repaired, the occurrence probability of toe debris becomes zero. Obviously, the updated p f will be significantly smaller than that before the QA tests and the repair have been conducted.
Updating Occurrence Probability and Toe Debris Thickness Based on QA Tests
To facilitate updating the reliability of piles based on QA tests, updating occurrence probability of toe debris and updating toe debris thickness will be discussed separately in the following sections.
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Updating Occurrence Probability of Toe Debris
The Bayesian approach provides a method to combine empirical information and field observations. Take the occurrence probability of toe debris, p d , as an example. An initial probability density 
where K = normalization constant; and L͑R ͉ p d ͒ = likelihood of observing the outcome R. Suppose n piles are selected randomly from a site for inspection, and m piles out of these are found to contain toe debris. Since a thick toe debris, if present in a pile, can be detected with certainty in most cases by interface coring, it is reasonable to assume the detection probability of interface coring is equal to one. If statistical independence among pile inspections is further assumed, then the likelihood that the assumed event occurs can be expressed as a binomial function
fЈ͑p d ͒ can be formulated based on accumulated QA data on toe debris. Since p d is bounded between 0 and 1, it may be described by a beta distribution
in which q and r = parameters of beta distribution; and B͑ ͒= beta function. The beta distribution is a conjugate distribution of the binomial distribution. That is, if the prior p d is a beta distribution, the updated p d is still a beta distribution ͑Raiffa and Schlaifer 2000͒. In this case, the updated PDF of p d is a beta distribution with parameters qЉ = q + m and rЉ = r + n − m. If no information on p d is available, then a diffuse prior for fЈ͑p d ͒ may be used. In this case, one can obtain
Updating Mean Thickness of Toe Debris
The exponential distribution is simple and has been used to describe crack depth ͑Moan et al. 2000͒. For convenience, the thickness of toe debris, x, is also assumed to follow an exponential distribution with the mean thickness t as a parameter
͑8͒
For mathematical convenience and simplicity, in the absence of any information, the inverted gamma distribution, which is the conjugate distribution of the exponential distribution, may be taken as the prior distribution of t ͑Raiffa and Schlaifer 2000͒
in which ⌫͑ ͒= gamma function; and k and v = parameters of the distribution. When results from on-site interface coring are available, the PDF of t can be updated using the Bayesian approach. The posterior PDF of t is also an inverted gamma distribution with parameters kЉ = k + m and vЉ = v + ͚ i=1 m x i ͑Raiffa and Schlaifer 2000͒ in which m is the number of piles found to be defective and x i is the observed toe debris thickness in the ith defective pile.
Impact of QA Tests on Reliability of Defective Piles
The reliability index of a pile can be calculated using the firstorder reliability method. If both resistance and load effects are lognormal variates, then the reliability index for a linear performance function can be written as ͑Withiam et al. 2001͒
where FOS= factor of safety in the traditional allowable stress design; R and COV R = bias factor and coefficient of variation ͑COV͒ of the pile capacity, respectively; Q D and Q L = nominal values of dead load and live load, respectively; QD and QL = bias factors for the dead load and live load, respectively; COV QD and COV QL = coefficients of variation for the dead load and live load, respectively; and ␥ D and ␥ L = load factors for the dead load and live load, respectively. As can be seen from Eq. ͑10͒, only two parameters, R and COV R , are associated with the pile capacity. All other parameters are associated with the loads. If a pile contains toe debris, the pile capacity will be adversely affected. In other words, the statistics associated with the pile capacity will be altered. For instance, R will be reduced while COV R may be increased. For simplicity, COV R for a pile with toe debris is assumed to be the same as that for a pile free of toe debris. Under this assumption, only R for a pile with toe debris needs to be determined to calculate the corresponding reliability index using Eq. ͑10͒.
To provide a measure of the effect of toe debris, following Poulos ͑1997͒; and O'Neill and Sarhan ͑2004͒, a pile capacity reduction factor, R F , is used
in which Q 0 = failure load of a pile without toe debris; and Q d = failure load of a pile with toe debris. Strictly speaking, R F should be treated as a random variable. Due to lack of sufficient statistical data for R F , R F is treated as a deterministic quantity in this study, but its value will depend on the debris thickness and the length and diameter of the pile. Once R F is obtained, the bias factor of the capacity of the pile with toe debris, RD , is given by 
RD = R F R
͑12͒
Thus the reliability of the defective pile can also be calculated using Eq. ͑10͒ by replacing R with RD .
Worked Example
The impact of interface coring on the reliability of large-diameter bored piles with toe debris is illustrated in this worked example. The same procedure can be applied to study the impact of other QA tests on the reliability of piles with various imperfections.
Survey of Toe Debris
As previously discussed, to update the reliability of a pile based on QA tests, the prior distributions of the occurrence probability and thickness of toe debris should be determined. To obtain the prior information on occurrence probability in Hong Kong, a practice survey was conducted from January to late March in 2003 in the form of questionnaires to solicit views from practicing engineers on bored pile quality assurance. The results for toe debris are shown in Fig. 1 . The perceived occurrence probability of toe debris is generally smaller than 5%. Responses stating "No idea on occurrence probability of toe debris" and "zero occurrence probability" shown in Fig. 1 are not adopted for analysis. Based on Fig. 1, a histogram of the occurrence probability of toe debris is plotted in Fig. 2 . Through the chi-square goodness-of-fit test at the 5% significance level, a beta distribution as shown in Eq. ͑6͒ with parameters q = 2.0 and r = 34.2 is supported as an adequate model. The corresponding mean and standard deviation of the occurrence probability are 5.5 and 3.7%, respectively.
To obtain the information on toe debris thickness, as-built information of 263 bored piles constructed at five different sites in Hong Kong in 2000 is adopted for analysis. The data were reported by the Hong Kong Construction Association ͑HKCA 2003͒ and the study was conducted in response to recent bored pile cases where confirmatory interface coring revealed pile toe irregularities. The results are summarized in Table 1 and the corresponding histogram of toe debris thickness is shown in Fig. 3 . About 70% of toe debris found is less than 200 mm thick. The thickness of toe debris in 20 piles is larger than 300 mm.
The data shown in Table 1 can also be used to determine the prior distribution of t. In Table 1 , there are five samples for mean thickness of toe debris, which are 138, 159, 197, 50, and 178 mm for sites A-E, respectively. Based on these data, a probability density of the mean thickness is plotted in Fig. 4 . Through the Kolmogorov-Smirnov goodness-of-fit test at a significance level of 5%, an inverted gamma distribution as shown in Eq. ͑9͒ with parameters k = 6.3 and v = 906.3 is confirmed to fit the frequency diagram of the mean thickness. The corresponding mean and standard deviation of the inverted beta distribution are 145 and 58 mm, respectively.
Updating the Priors Based on QA Tests
After some QA tests have been conducted, information on the occurrence probability and thickness of toe debris can be obtained. A field study is presented here. In this study, 67 bored piles 2.5 m in diameter were randomly selected from a site and were interface cored. Two piles were found to contain toe debris, whose thicknesses were x 1 = 100 mm and x 2 = 50 mm, respectively. This observation corresponds to case 2 described earlier. For comparison purposes, imaginary scenarios corresponding to case 1 ͑i.e., no toe debris is found in the 67 piles͒ and case 3 ͑i.e., all the toe debris at the site are detected and repaired͒ are also studied.
Applying the proposed procedure, the prior distributions of the occurrence probability and the toe debris thickness are updated for the three cases. Fig. 5 compares the updated PDFs of occurrence probability of toe debris for cases 1 and 2 for a diffuse prior and a prior beta distribution. The four updated PDFs in Fig. 5 are sharper than the respective prior PDFs, which implies that the additional information obtained from the QA tests is contained in the posterior distributions. The updated standard deviations of the occurrence probability, calculated by ͱ qЉrЉ / ͑qЉ + rЉ +1͒ / ͑qЉ + rЉ͒ based on the beta prior distribution, are 1.3 and 1.9% for cases 1 and 2, respectively. All these updated standard deviations are significantly smaller than the prior standard deviation of 3.7% found earlier. The uncertainties in the occurrence probability are substantially reduced through the QA tests. In particular, due to different prior distributions and outcomes of the QA tests, the resulting updated probability densities of occurrence probability are also different. Consequently, both prior information and the information from QA tests have a significant influence on the updated occurrence probability, which will further affect the reliability of the piles as will be discussed later. For the prior beta distribution, the Bayesian estimators of occurrence probability, calculated by ͑q + m͒ / ͑q + r + n͒, for the three cases are 1.9, 4.0, and 0%, respectively. For the diffuse prior distribution, the Bayesian estimators, calculated by ͑m +1͒ / ͑n +2͒, for the three cases are 1.5, 4.3, and 0%, respectively, which will be used for p d in Eq.
͑1͒.
Similarly, the mean thickness of toe debris can also be updated based on QA tests. Fig. 6 shows the prior and updated PDFs of mean toe debris thickness for case 2. The updated PDF is sharper than the prior PDF. The corresponding standard deviation of the mean thickness of toe debris after the QA tests, calculated by vЉ / ͱ ͑kЉ͒ 3 , is 45 mm, which is smaller than the prior standard deviation of 58 mm found in the previous section. Hence the uncertainty in the mean thickness is substantially reduced through the QA tests. The Bayesian estimators of the mean thickness, calculated by tЉ = ͑ + ͚ i=1 m x i ͒ / ͑k + m͒, for the three cases are 145, 128, and 0 mm, respectively.
There is no observation of toe debris thickness in case 1 and all toe debris, if any, is repaired in case 3. Therefore no updating exercise for toe debris thickness is conducted for the two cases. Table 2 summarizes the assumptions in the three cases and whether the PDFs of f͑p d ͒ and f͑t͒ are updated or not in each case. Note that all piles would be tested and repaired in case 3 and hence no toe debris would be present.
Updating Reliability of Piles Based on QA Tests
Having obtained the updated distributions of the occurrence probability and thickness of toe debris based on the QA tests, the reliability of the piles can be updated. The following load statistics are adopted: QD = 1.08, QL = 1.15, ␥ D = 1.25, ␥ L = 1.75, When the soil shaft resistance, the rock shaft resistance, and the end bearing are all considered, the bias factor and COV of the pile capacity are R = 1.15 and COV R = 0.17. The test piles in the calibration exercise are assumed to have been constructed properly. If excessive toe debris exists, then R will decrease due to the reduction in the pile capacity.
Ideally, the effect of toe debris on the behavior of axially loaded, large-diameter bored piles founded on rock should be studied by systematic field tests. Such tests will be costly, however, and numerical modeling is often resorted to instead ͑Poulos 1997; Kong and Zhang 2004; Lam 2004͒ . Lam ͑2004͒ analyzed the behavior of large-diameter bored piles with different lengths and toe debris of varying thickness using the nonlinear finiteelement program FB-Pier ͑Hoit et al. 2001͒. The ground was divided into two layers: the granitic soil around the pile shaft and the Grade III granite beneath the pile toe. The pile toe founded on Grade III granite was represented by an elastic, perfectly plastic model. The toe debris, if present, was represented by a onedimensional compression model whose parameters can be determined through oedometer testing of the toe debris material. The pile shaft resistance in soil was represented by the load-transfer curves proposed by O'Neill and Reese ͑1999͒. The soil parameters had been calibrated using field tests and centrifuge tests. The adopted elasticity modulus and unit weight of the pile concrete were 26 GPa and 25 kN/ m 3 , respectively. Through the numerical analyses, Lam ͑2004͒ obtained the relationships between the applied load and the pile-head settlement for piles of three lengths ͑25, 50, and 75 m͒ and three diameters ͑1.2, 1.5, and 2.0 m͒. Based on these relationships, the failure loads can be obtained using the 5%D settlement criterion ͑O'Neill and Reese 1999͒ and the pile capacity reduction factors defined by Eq. ͑11͒ can be obtained. Fig. 7 shows the reduction factors plotted against the toe debris thickness. As expected, the reduction factor decreases with the toe debris thickness. The toe debris has a significant effect on the capacity of the 25 m long piles, but a minor effect on the 75 m long piles. Obviously, when a pile is very long, the mobilized toe resistance only consists of a small fraction of the pile capacity. Therefore the pile capacity is less affected by the presence of toe debris. In Fig. 7 , the relationship between the pile capacity reduction factor and toe debris thickness is not linear because nonlinear toe and shaft models ͑O'Neill and Reese 1999͒ are used to simulate the pile response.
After obtaining the reduction factor, the resulting bias factor RD for a pile with toe debris can be calculated using Eq. ͑12͒. Accordingly, the reliability index of the defective pile can be calculated using Eq. ͑10͒ and the probability of unsatisfactory performance of the pile with a given toe debris, P͑F ͉ x͒, can be calculated based on the calculated reliability index. Fig. 8 shows the relationships between the reliability index and the toe debris thickness for three pile lengths. The reliability index decreases significantly due to the effect of toe debris when the bedrock levels are not extremely deep ͑say, smaller than 50 m͒. For instance, for a 1.2 m diameter, 25 m long pile, the reliability index decreases from 3.5 when no toe debris is present to 2.11 when a 100-mm-thick toe debris is present. The reliability index at zero toe debris thickness, 3.50, and the corresponding probability of failure, P͑F ͉ Ē ͒ = 2.33ϫ 10 −4 , account for other types of imperfections besides toe debris as well as many other sources of uncertainty. The conditional probability of unsatisfactory performance given the presence of toe debris, P͑F ͉ E͒, can be calculated using Eq. ͑3͒. To do so, three functions, P͑F ͉ x͒, f͑x ͉ t͒, and f͑t͒ must be available. P͑F ͉ x͒ can be obtained by curve fitting based on the data in Fig. 8 ; f͑x ͉ t͒ is expressed by Eq. ͑8͒; and f͑t͒ is expressed by the inverted gamma distribution shown in Fig. 6 and Eq. ͑9͒. Having determined P͑F ͉ E͒, P͑F ͉ Ē ͒, and the Bayesian estimators of p d , the reliability of the piles at a site before and after the QA tests can be calculated by Eq. ͑1͒ for each of the three cases of QA test outcomes and follow-up actions described earlier. Let us examine the scenario of a diffuse prior p d first. The updated PDFs of the occurrence probability of toe debris have been shown in Fig. 5. Fig. 9 shows the reliability of the 1.2 m diameter piles of different lengths before and after QA tests. The reliability after the QA tests is significantly higher than that before the QA tests, particularly for relatively short piles. Again taking the 1.2 m diameter, 25 m long piles in case 2 as an example, the reliability index is improved from 1.77 before the QA tests to 2.72 after the QA tests. This demonstrates that the QA tests can indeed improve the reliability of the piles. In particular, the effectiveness of the QA tests is significant for short piles but decreases with the pile length. For the 75 m long piles in case 2, the reliability index only increases from 3.26 before the QA tests to 3.47 after the QA tests. The outcome of the QA tests also affects the updated reliability as expected. For example, for the 25 m long piles, the updated reliability indexes for cases 1, 2, and 3 of different outcomes are 3.00, 2.72, and 3.50, respectively. Toe debris is found in case 2 but no remedial actions are taken; therefore the updated reliability is lower than the other two cases. The reliability index for case 3 is the highest among the three cases because the assumption that all piles would be tested and repaired has been made for this case.
If information on the occurrence probability p d is available, a prior beta distribution for occurrence probability can be adopted as discussed earlier. The updated occurrence probabilities are smaller than those without any prior information ͑Fig. 5͒. Accordingly, the prior reliability of the piles presented in Fig. 10 is higher compared with that based on the diffuse PDF for p d in Fig. 9 . This shows that the prior information, or engineers' experience, can play an important role in handling uncertainties in pile construction. After the QA tests are conducted and follow-up remedial actions are taken, the updated reliability indexes are similar to those without prior information. For instance, the updated reliability index values with known prior information are 2.93, 2.74, and 3.50, respectively, for the three cases of 1.2 m diameter, 25 m long piles, which are similar to 3.00, 2.72, and 3.50 found when no prior information is available. This is because prior information is usually associated with large uncertainties and therefore can be overruled by site-specific QA test information. In Fig. 8 . Reliability of piles given toe debris of varying thickness Fig. 9 . Comparison between updated and prior reliability indexes of piles using a diffuse prior for p d Fig. 10 . Comparison between updated and prior reliability indexes of piles using a prior beta distribution for p d Fig. 10 , the amount of reliability improvement through the QA tests is relatively small because the outcome of the QA tests is quite similar to the prior information.
Summary and Conclusions
Quality assurance ͑QA͒ tests are routinely conducted during and after pile construction to ensure the safety of pile foundations. Uncertainties in the key factors affecting the reliability of piles and the estimated reliability of the piles will be changed after these QA tests. This paper has proposed a procedure to quantitatively evaluate the impact of routine QA tests on the reliability of piles using the Bayesian approach and illustrated the proposed procedure by considering the effect of interface coring on the reliability of large-diameter bored piles. In the procedure, the priors are established based on a practice survey and pertinent accumulated QA test information. The impact of QA tests is evaluated for three cases, namely, no toe debris detected, toe debris detected without repair, and toe debris detected and repaired. The same procedure can be applied to study the impact of other QA tests on the reliability of piles with various imperfections. If no toe debris is detected in the QA tests, the distribution of the occurrence probability is significantly modified and the uncertainty in the occurrence probability is substantially reduced. Accordingly, the reliability of the pile will be increased. If toe debris is detected but no repair actions are taken, the distributions of both the occurrence probability and the thickness of toe debris will still be updated. The estimated reliability of the piles will then be changed. If all toe debris is detected and repaired, the occurrence probability will become zero, and the reliability of the piles may be increased substantially.
In the worked example of reliability analysis for bored piles with defective toes, the standard deviations of the occurrence probability and mean thickness of toe debris are reduced substantially after being updated with the information from QA tests. For instance, the prior beta distribution of occurrence probability has a standard deviation of 3.7%, while the updated standard deviations become 1.3 and 1.9% for cases 1 and 2, respectively.
The QA test information can improve the reliability of pile foundations significantly in the example. If no prior information on occurrence probability is available, the reliability index of the 1.2 m diameter, 25 m long piles can be increased from the prior value of 1.77 to 3.00, 2.72, and 3.50, respectively, in the three cases. The degree of reliability improvement depends on outcomes of the QA tests, actions taken after QA tests, the pile length, and the pile diameter. Prior information, or engineers' experience, can play an important role in handling uncertainties in pile construction. However, the prior information may be associated with large uncertainties and overruled by site-specific QA test information.
